In 0.2 Ga 0.8 As was effectively passivated using in situ molecular beam epitaxy deposited Al 2 O 3 / HfO 2 and HfO 2 -Al 2 O 3 ͑HfAlO͒ / HfO 2 . HfO 2 3 ML ͑monolayer͒ thick was epitaxially grown on InGaAs, as monitored by reflection high-energy electron diffraction. Al 2 O 3 3 nm thick and HfAlO 4 nm thick were used to cap 3 ML epitaxial HfO 2 due to their superior thermal stability up to 800°C. Well-behaved capacitance-voltage characteristics with small capacitance dispersion between 10 and 500 kHz were obtained in both Al 2 O 3 / HfO 2 / InGaAs/ GaAs and HfAlO/ HfO 2 / InGaAs/ GaAs, with the capacitance effective thickness values of the dielectrics being 1.46 and 1.18 nm, respectively. Particularly, HfAlO/ HfO 2 / InGaAs/ GaAs exhibited low leakage current density ͑2.9 ϫ 10 −4 A / cm 2 ͒ at ͉V G -V FB ͉ = 1, good thermal stability up to 800°C, and an equivalent oxide thickness of 1 nm.
I. INTRODUCTION
The success of the silicon technology, to a large extent, is attributed to the excellent properties of SiO 2 and the SiO 2 / Si interface. The replacement of the long-standing, reliable SiO 2 in transistors by HfO 2 -based high dielectric plus metal gate, announced in 2007, is now in production for the 45 nm node Si complementary metal oxide semiconductor ͑CMOS͒ and will be for the 32 nm node. Impelled by continuous demands of enhanced transport in channels and reducing power dissipation for devices beyond the 16 nm node technologies, the current consensus is to urgently integrate III-V compound semiconductors InGaAs as high-mobility channels with high gate dielectrics; 1 in addition, the capacitance effective thickness ͑CET͒ and equivalent oxide thickness ͑EOT͒ in the high 's need to be scaled down to ϳ1 nm or less. 2 CET is the thickness that is derived directly from the relationship of CET͑V͒ = ͑ SiO2 ͒͑ 0 ͒͑area͒ / C͑V͒, where SiO2 is the dielectric constant of SiO 2 , 0 is the permittivity of free space, area is the area of the layer, and C͑V͒ is the measured capacitance at a bias voltage V. After quantum-mechanical corrections, the EOT is lower than CET. Notice that the EOT in 45 nm CMOS technology is about 1 nm, while the CET is slightly higher.
Achieving low interfacial densities of states ͑D it 's͒ in oxide/InGaAs is the key issue for realizing InGaAs MOS field effect transistors ͑MOSFETs͒; several approaches have been employed, including in situ molecular beam epitaxy ͑MBE͒ grown Ga 2 O 3 ͑Gd 2 O 3 ͒ ͑Refs. 3 and 4͒ and pure Gd 2 O 3 , 5 in situ 6 or ex situ [7] [8] [9] atomic layer deposited oxide, and high dielectrics with an interfacial passivation layer of Si, 10 Ge, 11 and AlON. 12 Besides D it 's and low leakage currents, thermodynamic stability at high temperatures is a must for fabricating self-aligned inversion-channel MOSFETs. 13, 14 In this work, in situ MBE grown HfAlO/ HfO 2 has effectively passivated In 0.2 Ga 0.8 As/ GaAs. Moreover, hightemperature thermodynamic stability of the oxide/InGaAs/ GaAs and oxide scalability to 1.0 nm EOT has been achieved.
II. EXPERIMENT
The oxide/semiconductor heterostructures were grown in a multichamber MBE system, consisting of a solid-source GaAs-based chamber, two oxide chambers, other functional/ analytical chambers, and ultrahigh vacuum modules of connecting the above chambers. 15 after RTA. The top metal gate electrodes, iridium ͑Ir͒ and nickel ͑Ni͒, were formed via shadow mask with Ti/Au as the back side metal. Capacitance-voltage ͑C-V͒ and leakage current density-electrical field ͑J G -E͒ characteristics were measured using Agilent 4284 and 4156C, respectively. Highresolution transmission electron microscopy ͑HR-TEM͒ was used to examine the thickness and the microstructure of the high dielectric stack. The EOT values were extracted from a simulation program named NCSU CVC 7.0 model.
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III. RESULTS AND DISCUSSION
The structure and RHEED patterns of the high dielectrics and In 0.2 Ga 0.8 As are shown in Fig. 1 . A 4ϫ 2 In/Ga stabilized surface, along with Kikuchi arcs, was obtained by heating the samples to 400-500°C. The streaky bright reconstructed RHEED pattern indicates that the surface is atomically smooth and well ordered. The small angle incidence ensures that the electron beam interaction depth is only few angstroms. Therefore, the RHEED signal from the InGaAs epilayer was still observed after the growth of 3 ML HfO 2 , as indicated by the arrows on the 1 ϫ 1 RHEED pattern in Fig. 1 The EOT of the HfAlO/ HfO 2 was calculated to be 1 nm. Small frequency dispersion at the accumulation region ͑5.8%͒ was observed. The value and flatband voltage shift extracted from the CV curves were 15.5 and 0.28 V. During the high dielectric growth using e-beam evaporation, secondary electron bombardment induces defects or oxide traps in the dielectrics. The small flatband voltage shift indicates the reduction in traps/defects with 800°C annealing.
Moreover, the gate leakage current at flatband voltage ͑V FB ͒ minus 1 V remained in the order of 10 −4 A / cm 2 , with an EOT of 1 nm, as shown in the inset of Fig. 2͑b͒ . The low electrical leakage demonstrates the high-thermodynamic stability, high quality, and robustness of HfAlO/ HfO 2 / InGaAs after 800°C RTA.
In addition to the effective InGaAs surface passivation, high-temperature thermodynamic stability of Al 2 O 3 / HfO 2 / In 0.2 Ga 0.8 As/ GaAs and HfAlO/ HfO 2 / In 0.2 Ga 0.8 As/ GaAs was sought after, as self-aligned inversion-channel InGaAs MOSFETs required annealing at temperatures of Ͼ800°C for n-type dopant activation. Despite its high dielectrics value and resistance of absorbing moisture, amorphous pure HfO 2 , which was deposited on GaAs at room temperature, became a monoclinic phase with annealing to 530-540°C ͓as shown in Fig. 3͑a͔͒ , forming four equivalent in-plane domains rotating 90°about the surface normal; 17, 19 the a and b axes of the nanometer thick oxide film are aligned with the in-plane ͕100͖ axes of GaAs. As a consequence, the leakage currents were high, as the domain boundaries provide a leakthrough path. Amorphous Al 2 O 3 is known for its hightemperature stability against recrystallization. 20 However, its dielectric constant is low of 8, difficult to achieve a low EOT.
For obtaining a high value and at the same time hightemperature thermodynamic stability in dielectrics, HfAlO ͑HfO 2 :Al 2 O 3 =7:3͒ was employed. A TEM image in Fig.  3͑b͒ shows that the HfAlO remained amorphous after RTA to 800°C; and furthermore, as expected, the leakage current with HfAlO is of two to three orders of magnitude lower than with the recrystallized pure HfO 2 , as shown in Fig. 3͑c͒ .
IV. CONCLUSION
In situ MBE growth of high dielectric stacks of Al 2 O 3 / HfO 2 and HfAlO/ HfO 2 on In 0.2 Ga 0.8 As/ GaAs has led to attainment of thermodynamically stable heterostructures with 800°C RTA, as evidenced from the intactness of the structures, including the atomically smooth sharp oxide/ InGaAs interfaces and the dielectric stacks remaining amorphous. Our work is in contrast to other approaches of InGaAs passivation, [10] [11] [12] 21, 22 in which low interfacial layers at the oxide/InGaAs interface are needed, and they may hamper EOT scaling. The structural robustness achieved in this work is comparable to earlier work on Ga 2 O 3 ͑Gd 2 O 3 ͒ / GaAs. 23, 24 The C-V characteristics, displaying sharp transition from accumulation, depletion, to inversion with small frequency dispersion and flatband voltage shift, indicate an effective passivation of In 0.2 Ga 0.8 As using nanometer thick Al 2 O 3 / HfO 2 and HfAlO/ HfO 2 . The low electrical leakage currents, low EOT of 1 nm, and hightemperature thermodynamic stability in HfAlO/ HfO 2 / InGaAs, with HfAlO/ HfO 2 possessing a higher value than Al 2 O 3 / HfO 2 , and superior thermodynamic stability than pure HfO 2 , are very promising for fabricating self-aligned inversion-channel InGaAs MOSFETs.
